Whether hematopoietic stem cells can proliferate without limit, or whether their regenerative capacity declines with repeated division, has been debated for decades. Prevailing opinion favours an intrinsic 'decline', a view based on the finite degree to which murine bone marrow can be serially transplanted 
A single stem cell is sufficient to reconstitute durably the entire hematopoietic and lymphoid tissues of a murine recipient for periods of a year or more [5] [6] [7] . The ability of marrow from such recipients to reconstitute secondary recipients with cells deriving from the original reconstituting cell established the principle of stem cell 'self renewal' [6, 8, 9] . Limits to regeneration in serial transplantation experiments, however, led to the widely held view that stem cells may be intrinsically limited in their potential for self-renewal in a manner analogous to the 'Hayflick' ceiling identified for proliferation of untransformed fibroblasts [10] .
Early attempts to quantitate stem cell renewal relied on measurements of CFU-Ss detected by their ability to proliferate for 8-12 days. When normal marrow was transplanted into irradiated mice, the number of CFU-Ss in marrow recovered rapidly to normal levels [11] , but displayed a diminished capacity for self-renewal described as 'decline' [1] . Subsequently, LTRCs were found to regrow to only 3-4% of normal levels even after months of recovery [3, 4] , reinforcing the view that self-renewal of stem cells might be fundamentally limited. The extent of stem-cell renewability is of particular interest in view of current efforts to obtain expansion of human stem cells in culture preparatory to transplantation, despite the scarcity of evidence that significant expansion is feasible or whether it can happen without incurring a penalty in transplant durability.
Our experiments were designed to track murine LTRCs quantitatively during successive transplantations into lethally irradiated hosts. A competitive 30-52 week erythroid reconstitution assay was used [3, 4] in which donor cells differed from congenic host and competitor cells by a quantifiable electrophoretic mobility marker, GPI1. The assay readout is related linearly to the number of injected test stem cells [12] and defines a competitive unit (CU) as the long-term reconstituting (LTR) activity present in 2 × 10 6 normal marrow cells. On the basis of limiting dilution analyses [12, 13] , 1 CU would correspond to approximately 200 LTRCs. A normal mouse has on average 2.75 × 10 8 marrow cells containing 138 CU. Table 1 , series I, shows that lethally irradiated mice injected with 1 × 10 6 normal marrow cells (0.5 CU) regenerated to a whole-mouse total of 5.18 CU of donor type in their marrow, a level that is only 4% of normal, 29-66 weeks post-transplant. However, this level also represented a 10.4-fold increase over the number of CU originally injected, establishing the capacity of LTRC to increase in the milieu of the irradiated host. Other experiments determined that this level of regeneration was reached by 6 weeks and changed little thereafter. The failure of stem cells to rise to normal levels did not reflect their quiescence, since at least 80% of LTRC in marrow were reproducibly eliminated in mice 6 months post-transplant within 48 hours of a single administration of the cytotoxic agent 5-fluorouracil (not shown).
Further transfers were then performed to assess the capacity of stem cells to regenerate as a function of proliferative history. Anticipating that the amount of LTR activity in recipient marrow would be substantially reduced, increased numbers of cells were passaged forward so that similar amounts of LTR activity would be transferred at each passage. The expectation was that if the ability of LTRCs to self-renew diminished with passaging, we should observe diminishing fold-increases in each succeeding transfer. Table 1 , series I, shows results pooled from three independent experiments, each involving 2-4 serial transplantations, the longest series spanning 4 years. LTRCs increased 5-13-fold at each of up to three successive transfers, without evidence of diminishing regenerative capacity. A further 13-fold expansion was measured, with less precision, at a fourth transfer, yielding a cumulative expansion of 8400-fold over the LTR activity initiating the experiment.
A second series was undertaken to determine whether serial passage of increased numbers of cells would demonstrate similar increases at higher reconstitution levels. Contrary to expectations, this strategy did not significantly enhance reconstitution. Moreover, as shown in Table 1 , Series II, fold-increases of LTR activity were distinctly lower than those obtained in series I. As in the first series, however, there was no evidence of diminished regenerative ability with serial passage; indeed, fold-expansion actually increased in successive transfers.
Together, these results suggested that the fold-increase of LTRC in irradiated hosts may correlate negatively with the number of passaged cells. We therefore tested LTRC regeneration after injection of from 1 × 10 6 to 30 × 10 6 cells (Supplementary material). The results confirmed that high fold-expansion of LTR activity occurred only with transfer of fewer than 3 × 10 6 normal marrow cells or fewer than 1.5 CU. Regardless of the number of marrow cells injected, mice regenerated to a wholemarrow total of only 3-14 CUs. This result suggests the existence of a ceiling for the eventual level of LTRC reconstitution, and further suggests that the extent of expansion of LTRC numbers is not autonomously set. Similar observations based on limiting dilution measurements were recently reported by Pawliuk et al. [14] .
Transfer of increased numbers of cells also entails transfer of increased numbers of stem cells. Our results suggested that expansion may be more closely related to the amount of transplanted LTR activity than to cell numbers. For example, passage of 30 × 10 6 fresh marrow cells yielded no net expansion, while transfer of 35 × 10 6 cells from secondary recipients yielded sixfold increase of LTRCs in tertiary recipients (Table 1 , series II). Figure 1 plots all our data points as fold-expansion against either number of cells transferred or amount of transplanted LTR activity. While a weak negative correlation is evident with the number of cells, it is much stronger with transferred LTR activity. The relationship was further tested by cell separation, as in [15] , to enrich LTRCs 100-250-fold relative to other cells measurable in colony assays. Mixing experiments confirmed that fold-expansion was correlated with amount of injected LTRCs and not with total injected cell numbers or numbers of colony-forming cells (not shown).
Marrow cellularity is generally restored within 2 weeks of transplant [1, 11] , and recovery is faster when more reconstituting cells are transferred. We considered that stem cell increase might be driven by endogenous cytokines upregulated after irradiation. Premature cessation of stem cell regeneration could result if these cytokines were downregulated via feedback mechanisms determined by marrow bulk rather than the number of stem cells. Since these stem cells can increase again in freshly irradiated hosts, they might also respond in situ to exogenously administered cytokines.
Resting LTRCs from normal marrow respond to SCF and IL-11 in vitro by entry into the cell cycle and generation of progeny that retain long term reconstituting capacity [15] , and by increase in vivo [16, 17] . We accordingly administered SCF and IL-11 to mice for 6 days beginning 6 weeks after marrow transplantation. Treated mice doubled the amount of LTR activity, relative to saline-treated controls, detectable in marrow and spleen 8 weeks after cytokine treatment and 3 months after the original transplant Brief Communication 807
Figure 2
Kinetics of marrow recovery post-transplant. (a) Marrow cellularity and cells measurable in short-term colony assays (CFC) regenerate briskly to normal levels (shaded zone) within a time frame dependent on the amount of reconstituting activity injected. During this period, LTRCs also increase in number but much more slowly. (b) In the model depicted, LTRCs (S) undergo either symmetrical (shaded oval) divisions that yield two daughter LTRCs or asymmetrical divisions that yield only a single daughter with LTR potential and a sibling destined to differentiate (D). Boxes surround the clones derived from three consecutive divisions of a single LTRC. The pedigree on the left, generated during logarithmic marrow recovery, includes a symmetrical division and yields a clone containing two LTRCs and six differentiating cells. After marrow cellularity is restored to normal, LTRC divisions become predominantly asymmetrical to maintain but not increase the numbers of stem cells in the clones they generate. Our results suggest that stem cells can switch reversibly from one mode to the other depending mainly on signals read from their environment. (Table 2 ). The result reinforces the view that self-renewal of LTRCs is susceptible to external control, and further suggests that complete stem cell regeneration to normal levels after transplant might be achievable with more extended cytokine treatment.
Our results support stem cell dilution [18] and refute exhaustion as an interpretation of earlier results obtained with indirect measurements. During serial transplantation in irradiated hosts, LTRCs increase in number repeatedly without evidence of exhaustion, and the balance between maintenance and increase is reversible and susceptible to external control. To account for the failure of stem cells to regenerate to normal levels after transplant, we propose, in agreement with [14] , that self-renewal of stem cells is regulated and limited by the cytokine environment. Early post-irradiation, growth is favoured with enhanced self-renewal. Since increase in stem cell numbers must be limited by continuous loss of progeny to differentiation [19] , they regenerate more slowly than their differentiating progeny ( Figure 2 ). As progenitor and maturing cells reach normal levels, feedback mechanisms downregulate the stimulus not only for their own proliferation, but also for stem cell regeneration. Selfrenewal of LTRCs then falls, prematurely, to a level that only maintains their numbers even though they remain far short of normal.
Clinical transplant recipients display a life-long deficit in marrow reserve evidenced by blunted leukocytic responses to infection and labile platelet counts. The ability of stem cells to respond to administered cytokines suggests a potential opportunity for improvement of transplanted marrow function in human recipients.
Supplementary material
Figures illustrating the experimental designs, and a table showing the relationship between LTRC regeneration and number of marrow cells injected are published with this paper on the internet. 
